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A  parametric  study  was  conducted  on  the  performance  of  direct  ethanol  fuel  cells.  The  membrane  elec¬ 
trode  assemblies  employed  were  composed  of  a  Nation®  117  membrane,  a  Pt/C  cathode  and  a  PtRu/C 
anode.  The  effect  of  cathode  backpressure,  cell  temperature,  ethanol  solution  flow  rate,  ethanol  concen¬ 
tration,  and  oxygen  flow  rate  were  evaluated  by  measuring  the  cell  voltage  as  a  function  of  current  density 
for  each  set  of  conditions.  The  effect  of  the  anode  diffusion  media  was  also  studied.  It  was  found  that  the 
cell  performance  was  enhanced  by  increasing  the  cell  temperature  and  the  cathode  backpressure.  On  the 
contrary,  the  cell  performance  was  virtually  independent  of  oxygen  and  fuel  solution  flow  rates.  Perfor¬ 
mance  variations  were  encountered  only  at  very  low  flow  rates.  The  effect  of  the  ethanol  concentration  on 
the  performance  was  as  expected,  mass  transport  loses  observed  at  low  concentrations  and  kinetic  loses 
at  high  ethanol  concentration  due  to  fuel  crossover.  The  open  circuit  voltage  appeared  to  be  independent 
of  most  operating  parameters  and  was  only  significantly  affected  by  the  ethanol  concentration.  It  was 
also  established  that  the  anode  diffusion  media  had  an  important  effect  on  the  cell  performance. 
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1.  Introduction 

Direct  liquid  fuel  cells  are  an  attractive  technology  because  of 
the  fuel’s  high  volumetric  energy  density,  which  translates  in  sys¬ 
tem  compactness  and  simplicity.  In  the  liquid  fuel  options,  ethanol 
has  two  main  advantages;  its  low  toxicity  and  its  established  pro¬ 
duction  infrastructure.  The  main  issue  of  direct  ethanol  fuel  cells 
(DEFC)  is  their  low  efficiency,  mainly  due  to  the  difficulty  to  break 
the  ethanol’s  carbon-carbon  bond  at  the  fuel  cell’s  operating  tem¬ 
perature.  In  addition,  the  presence  of  ethanol  in  the  cathode,  due 
to  the  crossover  through  the  Nation®  membrane,  reduces  the  open 
circuit  voltage  and  poisons  the  catalyst.  Because  of  the  importance 
of  the  electrochemical  reaction  kinetics  in  this  system  most  of  the 
research  work  has  been  focused  on  the  anode  catalyst.  Platinum-tin 
based  catalysts  have  shown  the  best  initial  performance  for  the 
ethanol  electro-oxidation  reaction  (EOR)  [1,2],  while  Pt-Sn  con¬ 
taining  Ir  showed  better  long  term  performance  [3].  Almost  all  of 
the  catalysts  applied  to  EOR  showed  very  low  CO2  yields  with  acetic 
acid  and  acetaldehyde  being  the  main  oxidation  products.  Efforts  to 
increase  the  platinum-tin  electrocatalytic  activity  and  C02  selectiv¬ 
ity  include  design  of  its  microstructure  [4],  adding  a  third  [5-9],  and 
fourth  catalyst  component  [3]  and  modifying  the  catalyst  support 
[10-12]. 
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Single  fuel  cell  testing  is  one  important  tool  for  fuel  cell  catalyst 
design  as  it  reveals  the  performance  of  the  catalyst  in  actual  oper¬ 
ating  conditions.  Published  work  has  shown  that  the  direct  ethanol 
fuel  cell  performance  is  significantly  affected  by  the  employed 
testing  conditions,  the  fabrication  processes  and  materials  of  the 
membrane  electrode  assembly  (MEA).  The  effect  of  temperature 
and  ethanol  concentration  on  the  ethanol  crossover  rate  and  its 
impact  on  cell  performance  has  been  studied  by  Song  et  al.  [13]. 
The  authors  found  that  ethanol  crossover  increased  with  increasing 
temperature  and  ethanol  concentration.  Similarly,  using  a  refer¬ 
ence  electrode  Li  and  Pickup  found  that  temperature  and  ethanol 
concentration  have  a  positive  effect  on  the  ethanol  oxidation 
reaction,  but  the  opposite  effect  was  found  for  the  oxygen  reduc¬ 
tion  reaction,  demonstrating  the  significant  impact  that  ethanol 
crossover  has  on  the  oxygen  reduction  reaction  [14].  Praminik  et  al. 
[15],  studied  the  effect  of  the  temperature  of  the  anode  and  the 
cathode,  separately,  as  well  as  the  effect  of  the  ethanol  concentra¬ 
tion.  The  authors  found  a  performance  maximum  at  90  °C  for  the 
anode  and  60  °C  for  the  cathode  with  the  testing  temperature  range 
of 42-120  °C  and  42-88  °C  for  anode  and  cathode,  respectively.  The 
authors  established  an  optimum  ethanol  concentration  of  2  M.  In 
addition  to  the  testing  parameters,  the  MEA  fabrication  processes 
also  affect  the  DEFC  performance.  This  has  been  demonstrated  by 
Song  et  al.,  who  compared  the  performance  and  stability  of  a  gas 
diffusion  electrode  (GDE)  based  MEA  with  a  catalyst  coated  mem¬ 
brane  (CCM)  based  MEA  [16].  Although  the  CCM  MEA  had  higher 
ethanol  crossover  rate,  its  performance  and  stability  were  supe¬ 
rior  compared  to  the  GDE  MEA,  having  a  peak  power  degradation 
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Table  1 

Properties  of  the  anode  diffusion  layer. 


Anode  diffusion  layer 

Thickness  [|jim] 

Porosity  [%] 

PTFE  loading  [wt.%] 

Description 

CFP  Toray- 120 

370 

78 

0 

Without  MPL 

CFP-25BC  SGL 

235 

80 

5 

With  MPL  (23%  PTFE) 

CFC  E-tekB-l/B  (cloth) 

445 

- 

0 

Without  MPL 

of  15%  against  34%  for  the  GDE  MEA  in  a  10  h  life  test,  which  was 
attributed  to  less  delamination  problems  in  the  case  of  the  CCM 
MEA.  The  structure  of  the  catalyst  layer  has  also  been  investigated 
for  DEFC  [17].  In  this  work,  the  authors  obtained  higher  cell  per¬ 
formance  using  pore  formers  in  the  anode  catalyst  layer,  and  by 
increasing  PTFE  content  in  the  catalyst  layer  from  10  to  20wt%. 
These  two  parameters  were  said  to  improve  the  flow  system  net¬ 
work  for  the  removal  of  ethanol  electro-oxidation  product  species 
and  therefore  having  more  catalyst  sites  available  for  the  reaction. 

The  objective  of  this  work  is  to  create  a  clearer  and  broader  pic¬ 
ture  of  the  effect  of  the  main  parameters  used  during  direct  ethanol 
fuel  cell  testing.  Specifically,  the  effect  of  cathode  backpressure, 
cell  temperature,  ethanol  solution  flow  rate,  ethanol  concentra¬ 
tion,  and  oxygen  flow  rate  will  be  presented.  Furthermore,  three 
different  anode  diffusion  media  were  tested.  The  effect  of  using  car¬ 
bon  fibre  cloth  (CFC)  and  carbon  fibre  paper  (CFP)  is  examined,  as 
well  as  the  presence  of  a  microporous  layer  (MPL).  The  cell  perfor¬ 
mance  was  evaluated  measuring  the  fuel  cell  voltage  as  a  function 
of  current  density  and  calculating  the  power  density  from  these 
measurements.  The  results  are  presented  as  polarization  and  power 
curves. 

2.  Experimental 

2.1.  Materials 

Nation®  Nil 7  membranes  (DuPont)  were  pre-treated  at  80 °C 
with  3  wt%  H2O2  and  0.5  M  H2SO4  solutions  for  1  h  and,  rinsed  and 
stored  in  de-ionised  water.  HiSPEC  (Johnson  Matthey)  4000  (Pt/C) 
and  5000  (PtiRui/C)  were  used  as  the  cathode  and  the  anode  cata¬ 
lyst,  respectively.  The  cathode  diffusion  media  was  Sigracet®  GDL 
25DC  (SGL  Group),  which  has  20%  PTFE  content.  For  the  anode,  three 
types  of  diffusion  layers  were  used:  (i)  Sigracet®  GDL  25BC  (SGL 
Group),  which  is  a  CFP  with  a  5%  PTFE  content  and  a  micro-porous 
layer  (MPL)  (23%  PTFE),  (ii)  TGP-H-120  CFP  (Toray)  and  (iii)  CFC 
(E-TEK).  Table  1  summarizes  the  properties  of  the  three  different 
diffusion  media  used. 

2.2.  Electrode  and  MEA  preparation 

Electrodes  were  prepared  by  spraying  the  catalyst  on  the  dif¬ 
fusion  media.  The  catalyst  ink  was  composed  of  the  catalyst, 
Nation®  ionomer  solution  (5wt%  in  alcohols/water,  Alfa  Aesar), 
and  alcohol/water  solution.  This  mixture  was  treated  with  an  ultra¬ 
sonic  processor  (Cole-Palmer)  in  pulse  mode  for  1  h.  The  ink  was 
sprayed  using  an  auto-spray  (nozzle-XY  table)  system.  The  cat¬ 
alyst  metal  loading  was  2  mg  cm-2  for  both  anode  and  cathode, 
while  the  Nation®  ionomer  content  in  the  catalyst  layer  was  20  wt%. 
The  MEAs  were  fabricated  by  hot-pressing  the  Pt/C  and  PtRu/C 
electrodes  (5  cm2)  onto  each  side  of  the  Nation®  membrane  at 
90  kg  cm-2  and  140  °C  for  4  min. 

2.3.  Fuel  cell  measurements 

DEFC  performance  tests  were  conducted  in  a  5  cm2  single  fuel 
cell  hardware  (Fig.  1).  Serpentine  flow  field  graphite  plates  were 
used  for  both  cathode  and  anode.  Tests  were  performed  with 
a  commercial  test  station  (Fideris).  Prior  to  polarization  curve 


measurements,  the  break-in  of  the  MEA  was  performed  by  setting 
the  cell  at  a  constant  voltage  of  0.2  V  for  2-4  h  until  the  current 
was  stable  using  1  M  methanol  solution  as  fuel.  For  the  actual  mea¬ 
surements  ethanol  solutions  and  un-humidified  oxygen  were  used 
as  reactants.  The  variables  and  testing  conditions  are  summarized 
in  Table  2.  Polarization  curves  were  performed  galvanostatically, 
each  point  was  measured  for  2  min,  which  was  enough  time  to  get 
a  stable  potential  response.  After  each  polarization  curve  deionised 
water  was  flown  through  the  anode  compartment  to  avoid  cell 
degradation.  Before  measuring  each  polarization  curve,  the  cell  was 
kept  at  open  circuit  voltage  (OCV)  under  the  testing  conditions  for 
30  min  for  stabilization. 

3.  Results  and  discussion 

3.1.  Effect  of  anode  diffusion  layer 

The  effect  of  the  anode  diffusion  layer  was  studied  using  three 
types  of  substrates,  CFP  with  MPL,  CFP,  and  CFC.  In  hydrogen  PEM 
fuel  cells  the  MPL  is  known  to  improve  the  cell  performance  affect¬ 
ing  the  water  transport  properties,  the  catalyst  layer  structure  and 
electrical  contact;  in  the  case  of  methanol  fuel  cells,  the  MPL  can 
also  affect  the  fuel  crossover  and  C02  transport  [18].  Fig.  2  shows 
the  SEM  images  of  the  uncoated  and  coated  surfaces  of  the  diffu¬ 
sion  layers.  The  CFP  with  MPL  has  a  very  homogeneous  surface  with 
pore  sizes  less  in  1  p,m  in  size  (Fig.  2a),  while  CFP  (Fig.  2b)  and  CFC 
(Fig.  2c)  have  greater  and  broader  pore  size  distribution.  After  the 
catalyst  layer  is  sprayed  on  these  substrates  a  clear  difference  in  the 
structure  is  observed  between  the  CFC  (Fig.  2f)  and  the  CFP  based 
samples  (Figs.  2d  and  e).  The  catalyst  layer  deposited  on  the  CFC 
has  a  more  open  structure  that  follows  the  direction  of  the  woven 
fibres  compared  to  a  more  flat  surface  in  the  CFP  samples.  On  the 
other  hand,  there  is  no  visible  difference  in  the  catalyst  layer  surface 
between  the  samples  with  and  without  MPL  (Figs.  2b  and  d). 

Fig.  3  shows  the  polarization  and  power  curves  for  the  three 
types  of  anode  diffusion  layers.  The  type  of  diffusion  layer  does  not 
affect  the  OCV,  as  well  as  the  performance  in  the  kinetic  controlled 
region;  the  three  curves  show  the  same  behaviour  up  to  a  current 
density  of  0.020  A  cm-2.  At  higher  current  density,  the  anode  with 
the  CFP  and  MPL  showed  a  lower  performance,  reaching  a  maxi¬ 
mum  power  density  of  0.01 7  W  cm-2  compared  to  0.028  W  cm-2 
obtained  with  both  CFP  and  CFC  based  anodes.  Furthermore,  the 


Fig.  1.  Expanded  view  of  the  direct  ethanol  fuel  cell  hardware. 


Table  2 

Experimental  conditions  used  for  each  set  of  test. 
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Exp.  series 

Variables 

Anode  diffusion  layer 

02  flow  rate  (mLmin-1) 

Ethanol  flow  rate  (mLmin-1) 

[Ethanol]  (M) 

Temp.  (°C) 

Cathode  back-pressure  (psig) 

1 

CFP 

CFP-MPL 

CFC 

300 

2 

1 

90 

30 

2 

CFP 

300 

2 

1 

90 

0-10-20-30 

3 

CFP 

300 

2 

1 

60-70-80-90 

0-30 

4 

CFP 

300 

0.6-1-2-5 

1 

90 

30 

5 

CFP 

300 

2 

0.1-0.5-1-2-5 

90 

30 

6 

CFP 

50-100-300-500 

2 

1 

90 

0-30 

cell  with  the  CFC  based  anode  achieved  the  highest  current  den¬ 
sity.  There  are  two  differences  between  the  CFP  with  MPL  and  the 
other  two  samples.  The  first  one  is  the  PTFE  content  in  CFP  (5  wt.%). 
The  hydrophobicity  of  the  CFP  can  reduce  the  transport  of  water 
but  in  a  lesser  degree  the  transport  of  an  ethanol/water  solution, 
which  has  a  lower  surface  energy.  In  addition,  the  PTFE  can  reduce 
the  electrical  conductivity  of  the  CFP.  The  second  difference  is  the 
presence  of  the  MPL,  which  might  act  similar  to  a  barrier  preventing 
the  flow  of  liquid  to  and  from  the  catalyst  layer  due  to  the  high  PTFE 
content  (23  wt.%)  as  well  as  the  very  small  pores  and  lower  poros¬ 
ity.  Considering  the  low  content  of  PTFE  in  the  CFP,  the  pore  size  of 


c  500  pm 


the  MPL  and  its  hydrophobicity  seem  to  be  complementary  factors 
in  the  reduction  of  the  cell  performance.  This  postulate  goes  in  the 
same  direction  as  the  modelling  work  done  by  Andreadis  et  al.  [19] 
in  which  was  reported  that  the  porosity  of  the  diffusion  layer  has  an 
important  effect  on  the  performance.  For  example  a  22%  increase  in 
performance  was  calculated  when  the  diffusion  layer’s  porosity  is 
changed  from  0.4  to  0.8.  In  fact  their  simulated  polarization  curves 
have  a  very  similar  behaviour  as  to  Fig.  3,  i.e.,  the  kinetic  region 
is  not  affected  by  changing  the  diffusion  layer  porosity  while  at 
higher  currents  the  slope  of  the  curve  increases  with  decreasing 
porosity.  Furthermore,  Biswas  et  al.  [17]  found  better  performance 


d  500  pm 


f  500  pm 


Fig.  2.  SEM  images  of  diffusion  media  before  and  after  spraying  catalyst  layer:  (a  and  d)  CFP  with  MPL,  (b  and  e)  CFP  and  (c  and  f)  CFC. 
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Fig.  3.  Polarization  and  power  curves  with  different  anode  diffusion  media  for  1  M 
EtOH  feed  (2mLmin_1  and  Opsig)  and  non-humidified  oxygen  (300  mL min-1  and 
30psig)  at  90  °C. 

by  increasing  both  the  porosity  and  the  PTFE  content  (20%)  in  the 
catalyst  layer.  However,  in  their  case  the  catalyst  layer  was  fabri¬ 
cated  using  pore  formers,  therefore  the  PTFE  content  could  have  a 
very  different  effect  compared  to  the  present  work. 

For  this  experimental  system  the  majority  of  the  products  are 
in  liquid  phase,  for  the  ideal  DEFC  system  the  reaction  product 
is  CO2,  therefore  the  flow  dynamics  would  be  very  similar  to  the 
direct  methanol  fuel  cell.  Gas  management  has  been  a  critical  fac¬ 
tor  for  direct  methanol  fuel  cells  design  given  that  C02  bubbles 
can  remain  in  the  diffusion  layer.  These  bubbles  generally  block 
the  pores  used  for  the  methanol  diffusion  to  the  catalyst  layer, 
leading  to  fuel  starvation  and  therefore  decreasing  the  cell  per¬ 
formance.  A  comprehensive  review  was  published  on  the  mass 
transport  phenomena  in  a  DMFC  system  [20].  For  example,  in  an 
experiment  performed  by  Lu  and  Wang  [21  ],  the  effect  of  the  anode 
diffusion  media  of  a  DMFC  was  evaluated.  Untreated  (hydrophilic) 
CFC  was  compared  with  a  20%  PTFE  treated  CFP,  which  had  a 
homemade  MPL.  The  authors  concluded  that  the  addition  of  this 
layer  decreased  the  rate  of  methanol  crossover  due  to  the  low- 
permeability  that  the  MPL  provides.  On  the  other  hand  the  removal 
of  C02  bubbles  from  the  backing  layer  was  easier  in  the  CFC  from 
visual  experiments,  although  it  was  not  clear  whether  this  dif¬ 
ference  was  due  to  the  pore  distribution  differences  or  the  PTFE 
content  in  the  materials.  Therefore  the  optimum  diffusion  media  for 
DEFC  anodes  would  depend  on  the  reactant  flow  regime,  including 
the  amount  of  gas  produced  in  the  anode. 

3.2.  Effect  of  cathode  backpressure  and  cell  temperature 

Fig.  4  shows  the  effect  of  cathode  backpressure  on  the  cell  per¬ 
formance.  In  general  the  performance  improves  with  increasing 
the  backpressure,  mainly  because  of  the  reduction  of  the  activation 
overpotential.  In  the  ohmic  region,  the  four  curves  have  similar 
behaviour.  However,  in  the  mass  transport  region,  the  effect  of 
increasing  the  backpressure  seems  to  diminish  as  the  current  den¬ 
sity  increases.  Ethanol  transport  in  the  Nation  membrane  takes 
place  through  three  different  phenomena:  electro-osmosis;  diffu¬ 
sion  and  hydraulic  permeation.  When  the  pressure  at  the  cathode  is 
higher  than  at  the  anode,  there  is  back  convection  of  ethanol  from 
the  cathode  to  the  anode  due  to  the  hydraulic  permeation.  This 
results  in  an  overall  reduction  of  ethanol  crossover.  The  reduction 
of  ethanol  concentration  in  the  cathode  will  reduce  the  parasitic 
currents  and  poisoning  created  by  the  reaction  of  ethanol  on  the 
cathode  active  sites.  This  enhances  the  oxygen  reduction  reaction 
kinetics  and  reduces  the  activation  overpotential  as  seen  in  Fig.  4. 
The  cathode  backpressure  also  increases  the  oxygen  solubility  in 


the  Nation  ionomer  present  in  the  catalyst  layer.  This  will  pro¬ 
duce  a  higher  oxygen  concentration  in  the  triple  phase  boundary, 
enhancing  the  oxygen  reduction  reaction  rate. 

As  mentioned  previously,  the  maximum  current  density  values 
are  very  similar  at  the  four  tested  backpressures.  At  higher  cur¬ 
rent  densities  the  concentration  of  ethanol  in  the  anode  catalyst 
layer  is  lower,  which  affects  the  fuel  cell  performance  in  two  ways. 
First,  the  concentration  overpotential  at  the  anode  increases  and 
second,  the  crossover  of  the  ethanol  due  to  diffusion  decreases  as 
the  difference  in  concentration  between  the  anode  and  the  cathode 
is  reduced.  Therefore,  the  fact  that  the  maximum  current  density 
is  nearly  independent  of  the  cathode  backpressure  suggests  that  in 
this  region  of  the  polarization  ethanol  mass  transfer  is  governing 
the  cell  performance.  The  reduction  of  the  crossover  rate  and  there¬ 
fore  the  parasitic  current  with  increasing  cell  current  has  been  also 
reported  by  Andreadis  et  al.  through  a  modelling  study  [22].  In  the 
same  modelling  work,  it  was  reported  that  the  ethanol  crossover 
is  maximal  at  OCV.  In  the  present  study,  Fig.  4b  shows  that  the 
OCV  is  almost  unaffected  by  backpressure  with  a  stable  value  at 
0.64  V  (variations  are  in  the  order  of  mV).  It  is  important  to  note 
that  a  stabilization  period  of  30  min  was  used  before  measuring 
each  polarization  curve.  The  OCV  was  found  to  be  very  sensitive  to 
the  change  of  conditions  but  only  at  the  moment  when  the  pertur¬ 
bation  was  made.  For  example,  an  OCV  of  0.8  V  was  recorded  with 
increasing  backpressure  but  only  for  a  few  seconds,  and  it  would 
slowly  decrease  until  reaching  a  stable  lower  point.  It  would  have 
been  expected  that  a  higher  backpressure  would  result  in  a  higher 
OCV  due  to  the  reduction  of  the  ethanol  crossover.  The  fact  that 
the  steady  state  OCV  is  almost  unchanged  with  increasing  back¬ 
pressure  can  be  due  to  a  steady  poisoning  of  the  cathode  catalyst 
layer.  This  may  be  due  to  an  accumulation  of  ethanol  at  the  cath¬ 
ode  side  of  the  membrane,  which  lowers  the  initially  recorded  high 
OCV  after  a  pressure  increase.  As  for  the  maximum  power  den¬ 
sity,  it  increases  almost  linearly  with  increasing  backpressure  up  to 
20psig  (Fig.  4b).  By  increasing  the  pressure  from  20  to  30psig  the 
performance  does  not  improve,  therefore  a  saturation  point  might 
have  been  reached  at  20  psig.  It  is  important  to  note  that  there  is 
also  the  crossover  of  species  from  the  cathode  to  the  anode  such  as 
oxygen,  ethanol  and/or  reaction  products  of  ethanol  oxidation  that 
may  accumulate  at  the  cathode  side  of  the  membrane,  which  would 
increase  by  increasing  the  cathode  backpressure.  James  and  Pickup 
have  discussed  the  issue  of  ethanol  oxidation  products  (acetic  acid 
and  acetaldehyde)  crossing  to  the  anode  side  [23].  While  Jablonski 
et  al.  reported  the  effect  of  oxygen  crossing  from  the  cathode  to  the 
anode  and  reacting  chemically  [24]  with  ethanol  to  produce  acetic 
acid  and  acetaldehyde.  In  either  case  the  presence  of  electrochem¬ 
ical  reaction  products  in  the  anode  would  lower  the  cell’s  OCV  and 
performance  and  counteract  the  positive  effect  of  backpressure  on 
the  cathode  kinetics. 

Fig.  5  shows  the  effect  of  temperature  on  the  DEFC  performance 
with  cathode  backpressure  (30  psig)  and  without  cathode  back¬ 
pressure  (Opsig).  The  polarization  curves  in  Figs.  5a  and  b  show 
a  similar  behaviour  with  increasing  the  temperature.  The  kinetic 
region  is  enhanced  and  the  slope  of  the  ohmic  region  decreases. 
Electrode  kinetics,  membrane  conductivity  and  mass  transfer  prop¬ 
erties  are  thermally  activated,  therefore  it  is  expected  that  an 
increment  in  fuel  cell  temperature  will  result  in  a  performance 
enhancement.  On  the  other  hand,  fuel  crossover  is  also  a  ther¬ 
mally  activated  process.  With  increasing  temperature  the  Nation 
polymer  backbone  relaxes  and  expands  allowing  higher  transport 
rates,  in  addition  the  ethanol  diffusivity  is  also  enhanced  [13,25]. 
Therefore  the  cathode  kinetics  has  two  competing  effects  with 
increasing  temperature.  Li  and  Pickup  reported  that  the  effect  of 
ethanol  crossover  is  so  significant  that  the  cathode  performance 
decreases  with  increasing  temperature  although  the  oxygen  reduc¬ 
tion  reaction  rate  increases  with  temperature.  They  concluded  that 
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Fig.  4.  Effect  of  cathode  backpressure  on  fuel  cell  performance  for  1  M  EtOH  feed  (2  mL  min-1  and  0  psig)  and  non-humidified  oxygen  (300  mL  min-1 )  at  90  °C,  (a)  polarization 
and  power  curves  and  (b)  open  circuit  voltage  and  maximum  power  density. 


the  overall  cathode  behaviour  may  be  the  result  of  an  opposing 
dependence  with  temperature  due  to  the  parasitic  current  and  poi¬ 
soning  of  the  catalyst  [14].  But  overall,  the  dependence  of  other  cell 
processes  with  temperature  seems  to  be  greater  than  the  crossover 
since  the  performance  is  enhanced  despite  the  increase  in  ethanol 
crossover. 

The  maximum  power  density  increases  with  temperature 
almost  linearly  for  both  conditions  as  seen  in  Fig.  5c,  with  the 
exemption  of  the  60  °C  point  for  the  unpressurized  condition.  The 
difference  in  power  density  for  the  systems  at  the  same  temper¬ 
ature  but  with  and  without  backpressure  is  in  the  6-7  mW  cm-2 
range  for  all  the  points  except  for  the  60  °C  point  where  the  differ¬ 
ence  is  3  mW  cm-2.  The  smaller  difference  at  a  lowest  temperature 
suggests  that  at  60  °C  the  crossover  effect  is  less  important.  There¬ 
fore  the  effect  of  the  backpressure  is  reduced.  The  OCV  showed  a 
very  small  positive  dependence  with  temperature  in  both  circum¬ 
stances  (Fig.  5c)  and  was  slightly  higher  with  cathode  backpressure. 
While  Song  et  al.  [13]  showed  that  the  OCV  was  greatly  affected  by 
temperature,  although  their  work  was  done  at  a  range  lower  than 
75  °C.  For  example,  when  the  temperature  was  reduced  from  75  °C 


to  55  °C  the  OCV  decreased  from  0.62  to  0.53  V.  This  could  indicate 
that,  at  lower  temperatures,  the  anode  kinetics  are  more  important 
than  the  effect  of  ethanol  crossover.  Therefore  an  increase  in  the 
temperature  would  improve  the  OCV.  In  this  work,  at  higher  tem¬ 
peratures  as  in  Fig.  5a  and  c,  competing  effect  between  enhanced 
anode  kinetics  and  higher  crossover  with  increasing  temperature, 
resulted  in  an  almost  invariable  OCV  with  temperature. 

3.3.  Effect  of  ethanol  flow  rate  and  ethanol  concentration 

Fig.  6  shows  the  effect  of  flow  rate  of  ethanol  solution  on  the  fuel 
cell  performance  in  the  range  of  0.6-5  mL  min-1.  The  performance 
is  almost  invariable  in  the  1  -5  mL  min-1  range  but  for  0.6  mL  min-1 
the  maximum  power  density  is  around  a  lOmWcm-2  lower  than 
at  the  higher  flow  rates  (Fig.  6b).  The  difference  in  the  perfor¬ 
mance  between  0.6  mLmin-1  and  other  flow  rates  starts  to  appear 
at  higher  current  densities  of  the  kinetic  region  of  the  polarization 
curve  (Fig.  6a).  With  increasing  current,  the  difference  between  the 
0.6  mLmin-1  curve  and  the  other  curves  remains  constant,  i.e.,  the 
curves  are  almost  parallel.  Therefore  the  ohmic  and  mass  transfer 
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Fig.  5.  Effect  of  cell  temperature  on  fuel  cell  performance  for  1  M  EtOH  feed  (2  mL  min-1  and  0  psig)  and  non-humidified  oxygen  (300  mL  min-1 )  at  90  °C,  (a)  polarization  and 
power  curves  with  no  cathode  backpressure,  (b)  polarization  and  power  curves  with  30  psig  cathode  backpressure  and  (c)  open  circuit  voltage  and  maximum  power  density. 
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Fig.  6.  Effect  of  ethanol  solution  flow  rate  on  fuel  cell  performance  for  1  M  EtOH  feed  (Opsig)  and  non-humidified  oxygen  (300  mL  min-1,  30psig)  at  90  °C,  (a)  polarization 
and  power  curves  and  (b)  open  circuit  voltage  and  maximum  power  density. 
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Fig.  7.  Effect  of  ethanol  concentration  fuel  cell  performance  for  aqueous  EtOH  feed  (2  mLmin-1  and  Opsig)  and  non-humidified  oxygen  (300  mL  min-1, 30psig)  at  90  °C,  (a) 
polarization  and  power  curves  and  (b)  open  circuit  voltage  and  maximum  power  density. 


overpotentials  are  not  affected  by  the  ethanol  flow  rate.  This  sug¬ 
gests  a  surface  phenomenon  effect  at  low  ethanol  flow  rates,  such 
as  lower  removal  of  reaction  products  that  block  active  sites  or  the 
decrease  of  in-plane  transport  of  reactant  and  therefore  a  lower 
utilization  of  the  available  catalyst  sites. 

The  effect  of  ethanol  concentration  on  the  cell  performance 
is  illustrated  in  Fig.  7.  It  is  seen  that  the  different  regions  in 
the  polarization  curve  have  different  dependence  on  the  ethanol 
concentration  (Fig.  7a).  Both,  the  OCV  (Fig.  7b)  and  the  fuel  cell  per¬ 
formance  in  the  kinetic  region  increase  with  decreasing  ethanol 
concentration.  While  in  the  mass  transfer  region  the  performance 
increases  with  increasing  ethanol  concentration  up  to  2  M.  At  very 
low  ethanol  concentration  the  performance  suddenly  drops  due 
to  mass  transfer  limitations.  With  0.1  M  the  performance  drops 
at  a  current  density  of  approximately  0.01 5  A  cm-2,  whereas  this 
happens  at  0.06  A  cm-2  for  a  concentration  of  0.5  M.  In  the  case 
of  1  M  ethanol  solution,  there  is  a  slight  inflection  in  the  curve 
at  0.1 4  A  cm-2.  At  these  three  points  the  ethanol  stoichiometries 


are  8.04, 10.72  and  9.18,  respectively  (assuming  the  partial  oxida¬ 
tion  reaction  of  ethanol  to  acetic  acid,  i.e.,  4  electrons  per  molecule 
of  ethanol).  Therefore,  one  can  conclude  that  under  these  condi¬ 
tions  a  minimum  stoichiometry  of  approximately  10  is  necessary 
to  avoid  mass  transfer  limitations.  By  increasing  the  concentration 
from  1  M  to  2  M  the  performance  is  almost  invariable,  differences 
are  only  seen  at  the  maximum  current  density.  While  increasing 
ethanol  concentration  from  2  M  to  5  M  produces  a  drop  in  the  per¬ 
formance  in  all  regions  of  the  polarization  curve.  In  terms  of  the 
maximum  power  density  there  is  a  maximum  between  1  M  and 
2  M  (Fig.  7b).  As  seen  from  these  results,  by  varying  the  ethanol 
concentration  there  is  a  clear  contribution  of  two  effects  to  the  cell 
performance.  Better  mass  transfer  at  high  ethanol  concentrations 
and  lower  ethanol  crossover  at  low  ethanol  concentrations.  At  low 
currents  there  is  a  low  consumption  of  ethanol;  therefore  a  vari¬ 
ation  of  ethanol  concentration  does  not  affect  the  anode  kinetics 
in  the  studied  concentration  range.  On  the  contrary,  the  cathode 
kinetic  seems  to  be  enhanced  by  the  lower  ethanol  concentration 
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Fig.  8.  Effect  of  oxygen  flow  rate  on  fuel  cell  performance  for  1  M  EtOH  feed  (1  mLmin-1,  Opsig)  and  non-humidified  oxygen  (300  mLmin-1,  Opsig)  at  90  °C,  (a)  polarization 
and  power  curves  and  (b)  open  circuit  voltage  and  maximum  power  density. 
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due  to  the  lower  ethanol  crossover.  With  increasing  current  density, 
the  ethanol  concentration  starts  to  play  a  role  in  the  anode  response 
and  the  extreme  case  is  seen  when  very  low  ethanol  concentrations 
were  tested  with  the  presence  of  a  limiting  current. 

3.4.  Effect  of  oxygen  flow  rate 

Fig.  8  shows  the  effect  of  oxygen  flow  rate  on  the  fuel  cell  per¬ 
formance.  These  tests  were  performed  at  atmospheric  pressure.  No 
effect  on  the  performance  was  observed  in  the  50-500  mL  min-1 
range  with  30psig  backpressure  (results  are  not  shown).  In  Fig.  8a 
it  is  seen  that  the  performance  increases  with  increasing  oxygen 
flow  rate  up  to  300  mLmin-1 ,  increasing  the  flow  rate  further  does 
not  produce  any  change  on  the  performance.  Fig.  8b  shows  that  the 
OCV  and  the  maximum  power  density  increase  with  increasing  the 
flow  rate,  which  is  due  to  a  higher  concentration  of  oxygen  at  the 
cathode  with  respect  to  the  crossover  products  and  to  an  increase 
in  the  rate  of  removal  of  crossover  substances  that  can  poison  the 
cathode  catalyst. 

4.  Conclusions 

The  effect  of  operating  parameters  on  the  DEFC  polarization 
curve,  OCV  and  maximum  power  density  was  tested  and  analyzed. 
The  OCV  was  highly  dependant  on  the  concentration  of  ethanol  in 
the  fuel  stream  and  increases  by  decreasing  the  ethanol  content. 
In  contrast,  the  effect  of  the  other  studied  parameters  on  the  OCV 
was  very  small.  Taking  into  account  these  small  variations  it  can 
be  summarized  that  the  OCV  increased  with  the  oxygen  flow  rate, 
cathode  backpressure  and  temperature,  and  was  independent  of 
fuel  flow  rate  and  anode  backing  layer. 

In  general,  the  kinetically  controlled  region  of  the  polarization 
curves  was  enhanced  by  increasing  the  temperature,  the  backpres¬ 
sure  and  the  oxygen  flow  rate,  while  it  decreased  by  increasing  the 
ethanol  concentration.  These  parameters  affected  either  or  both  the 
electrode  intrinsic  kinetics  and  the  ethanol  crossover.  Furthermore, 
the  kinetic  response  of  the  fuel  cell  was  found  to  be  independent 
of  ethanol  solution  flow  rate  and  anode  diffusion  layer.  The  cell’s 
mass  transfer  properties  were  particularly  affected  by  the  ethanol 
concentration  and  in  lesser  extent  by  the  anode  backing  layer  and 
reactant  flow  rates. 

Increasing  the  temperature  improved  the  maximum  power  den¬ 
sity  almost  linearly.  With  backpressure  the  performance  increased 
up  to  20psig,  further  increments  in  the  backpressure  did  not 
produce  higher  performance.  Similar  behaviour  was  seen  for  the 
oxygen  flow  rate  at  values  higher  than  300  mL  min-1 .  Higher  power 
densities  were  found  for  ethanol  concentration  of  1  M  and  ethanol 
flow  rate  higher  than  1  mLmin-1. 


The  gas  diffusion  layers  that  did  not  have  an  MPL  showed  supe¬ 
rior  performance.  In  terms  of  the  diffusion  layer,  the  DEFC  system 
is  unique  since  reactants  and  products  are  all  liquids.  This  is  not 
the  case  for  the  more  extensively  studied  systems  using  methanol 
(liquid  fuel-gas  product)  and  hydrogen  (gas  fuel-liquid  product) 
as  fuels.  Therefore  more  work  is  needed  in  the  optimization  of  the 
DEFC  electrode  properties,  including  diffusion  layers. 
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